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· ABSTRACT
This investigation addresses the three-dimensional structure in the wake of high Reynolds
number (ReD = 5(00) flow around unifonn and nonunifonn circular cylinders. Particle image
velocimetry is employed tocharacteriie the detailed flow structure of the wake: streamline patterns;
fields of constant vorticity; and values of dimensionless circulation for various locations of the plane of
imaging.
The findings of this study include the observation of numerous classes of organized flow
structure within'the wake, deduced primarily from vorticity contours. This structure may, at the one
extreme, be highly locked-in to the motion of the cylinder, and at the other extreme, be without any
apparent organization. In all cases, vortical structures oriented in a direction orthogonal to the classical
Karman vortices have a dimensionless circulation of the same order as the Karman vortices. These
observations are attainable only by acquiring instantaneous images of the flow structure and
corresponding patterns of vorticity concentrations.
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1. INTRODUCTION
The wakes generated from flow past bluff bodies have been the subject of investigation for many
years, dating as far back as ~e observation by von Karman (1911) of the ordered vortex street that
persists downstream of a cylinder and the discovery of Strouhal (1878) that the dimensionless vortex
shedding frequency from a cylinder remains constant over a range of Reynolds numbers. Yet even
today, experimental studies continue in this area of research. These studies are currently motivated by (\
such practical applications as drag reduction, elimination of flow-induced vibrations, and enhancements
of heat transfer and mixing processes.
In much of the research performed, the bluff body has been a circular cylinder. In addition to
the fact that studies involving cylindrical bluff bodies lend direct insight to industrial applications, most
notably, the flow around tall smokestacks, heat exchanger tube bundles, marine structures, and towing
cables, the circular cylinder also produces a representative flow pattern featuring various complexities
inherent in all bluff-body wakes. Thus, the objective is to fully .understand the mechanism of vortex
formation occurring from a circular cylinder and to apply this knowledge to bluff bodies of varying
geometry.
Recent theoretical studies by Koch (1985), Triantafyllou et al (1986), Monkewitz and Nguyen
(1987), and Monkewitz (1988) have led to the idea of viewing the bluff-body near-wake in terms of a
region of absolute instability in which a self-sustained feedback loop is established. As a result of this
self-sustained feedback loop, highly organized oscillations of the near wake occur. Chomaz, Huerre,and
Redekopp (1988) establish the necessary criterion that this region of absolute instability must attain a
critical size before globally coherent wake oscillations can be observed; hence the term global instability
is adopted to characterize such flows. Finally, Huerre and Monkewitz (1990) review the characteristics
of globally unstable fows and various methods for their control and attenuation.
The control or attenuation of the unsteady oscillatory motion resulting from the flow around
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bluff bodies, for the reasons previously mentioned, is of substantial practical importance. . In short,
controlling the resulting wakefocuses on the creation or attenuatio~ ,of large scale vortices, depending on
the application. Such control methods are classified under two broad categories, passive control and
active control.
Passive control techniques are normally employed in applications concerned with attenuating the
large-scale vortices. This is accomplished by the generation of three-dimensional disturbances that
interfere with the well-defined order of the large-scale vortex formation. To generate these three-
dimensional disturbances, the passive control methods involve geometrical modifications of the body or
surface creating the self excited oscillations, without the implementation of perturbations of the body;
hence the term "passive" control. Such methods include: trailing-edge modifications; near-wake
modifications involving splitter plates, extended notches, and wide fins; flags and ribbons; guiding vanes;
base bleed techniques; strakes and wires wrapped around the body; vortex generators; and rods, studs,
and shrouds.
Active control techniques, on the contrary, utilize controlled oscillations of the body, of the
flow through the system, or a combination of the two, to either enhance or attenuate the associated
oscillatory motion through mode competition with the self-excited instability. It is this method of control
that is the subject of investigation in this study.
Active control methods of the wakes generated from flow around cylindrical bluff bodies,
which employ external forcing, have primarily concentrated on sinusoidal excitation of the body. One of
the first such investigations was by Koopman (1967). His experiments were in the range of Reynolds
number of 100 to 300, and he determined that a circular cylinder, excited in a sinusoidal manner at its
natural shedding frequency and in a direction transverse to the flow, induces coherence of the separation
points along its span, given th~t the amplitude of excitation is greater than a certain threshold value.
Furthermore, the ratlge of frequencies for which this lock-in phenomenon occurred was observed to be
dependent upon the amplitude. Finally, Koopman noted a reduction in the lateral spacing of vortices as a
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direct result of the forcing of the cylinder.
Griffin and Votaw (1972) perfonned experiments in the range 120< Re < 350, for which lock-in
was always observed as a result of ~sverse forcing of the cylinder. In addition to observing the
associated decrease in transverse spacing of the vortices, Griffin and Votaw noted, for example, that at an
amplitude ratio of A/D= 0.3, an increase in the excitation frequency from 0.90fo* to 1.l0fo* resulted in a
reduction in vortex fonnation length by 25%, thereby suggesting an inverse relation between the length
of fonnation and the longitudinal spacing of vortices with changes in excitation frequency. Interestingly,
the longitudinal spacing remains unaffected by the amplitude of oscillation as long as the excitation
frequency remains unchanged.
Griffin and Ramberg (1974) continued the study of cross-stream sinusoidal forcing of a circular
cylinder. Again, the inverse relation between longitudinal spacing of vortices and excitation frequency
was demonstrated. However, it was also noted that the lateral spacing changed little with alteration of
the frequency. Instead, the transverse spacing of the vortex street was reduced through large amplitude
forcing (A/D= 0.8 to 1.3). As the limiting case of zero transverse spacing is approached, complex
asymmetric vortex street patterns emerge, precluding the occurrence of the transition from a drag- to
thrust- type vortex street.
Griffin and Ramberg (1976) extended their investigation of the active control of the wake
generated from a circular cylinder to include sinusoidal excitation of the body in the streamwise
direction. As a result of the in-line forcing, it was detennined that by increasing the frequency of
excitation trom 1.2fQ*l0--2fQ*-the-amplitude-thresholdiorlock-in decreased from 0.3D to 0.07D. Griffin
and Ramberg also observed two distinct flow regimes: one in which two vortices of opposite sign are
shed for each cycle, fonning an alternating pattern of vortex pairs and another in which an alternating
street ,is observable as a result of a single vortex being shed for each cycle. The latter regime displayed
many of the characteristics associated with cross-stream excitation, as previously discussed. The
transverse spacing of the vortex street again decreasing with increasing amplitudes, though in comparison
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with transverse excitation, ~e limiting case of zero spacing occurs at much lower amplitudes (0.15D to
0.250) The streamwise oscillations similarly result in a more complex asymmetric street as the limiting
case is approached.
Ongoren and Rockwell (1988a) utilize cross stream excitation of cylinders of various cross
-sections-to-address various measures of the effectiveness of active control. Whereas in all the previously
discussed investigations relatively large excitation frequencies were employed, Ongoren and Rockwell
demonstrate that for a frequency of fJfo*= 0.5 a triangular cylinder will produce virtually an in-line row
of vortices. Furthermore, the retardation of the onset of large scale vortex formation by the generation of
small scale symmetrical vortices that is obtainable with streamwise oscillation of circular cylinders is
duplicated for cylinder oscillation at an angle of 45 degrees with respect to the free stream and by the
triangular cylinder subject to cross-stream oscillation. Ongoren and Rockwell also address the concept of
the timing of vortex formation for various cross-sectional cylinders. They observed that by varying the
frequency ratio fJfo* at a given amplitude ratio, the location of the initially formed vortex varies
accordingly.
Williamson and Roshko (1988) similarly were able to retard the onset of large scale vortex
formation but through cross-stream oscillation of a circular cylinder. By utilizing relatively high
excitation frequencies, small - scale structures are generated which eventually coalesce, producing a very
large scale vortex street. They also provide an overview of the possible modes of vortex formation, over
a wide range of frequencies and amplitudes, from a cylinder in cross-stream oscillation based on the
possibility of two vortices forming per half oscillation cycle of the cylinder.
Studies concentrating on the range of excitation parameters outside the lock-in range were
conducted by Ongoren and Rockwell (1988b). Unlike the previous investigations in which the near wake
is synchronized, Ongoren and Rockwell detail competition of modes in the near wake in vdJich the vortex
pattern alternates between symmetrical and nonsymmetrical patterns for the cases of cylinders forced at
an angle to the free stream in addition to the streamwise direction. For the range of parameters studied,
5
cross-stream oscillation results in the familiar lock-in case whereas oscillations at 45 degrees and in the
streamwise direction result in minimum and maximum mode competition respectively. Interestingly, the
maximum statistical occurrence of the antisymmetric mode occurred at frequency ratios of fe/fo*= 1or 2.
The near wake response of an actively controlled bluff body has recently been interpreted within
the framework of chaos. The basis for such studies is the closed system Rayleigh-Benard instability
which is driven by a temperature difference across the horizontal layer of fluid. Gollub and Benson
(1980) establish' various routes to turbulence within the system including period-doubled bifurcations,
quasi -periodicity, and phase locking in addition to intermittent noise. As a consequence of the closed
feedback loop present in the near wake region, Sreenivasan (1985), Van Atta and Gharib (1987), Olinger
.
and Sreenivassan (1988), and Karniadakes and Triantafyllou (1989a,b) have engaged in studies from this
perspective. Most recently, Nuzzi, Magness, and Rockwell (1992) observed similar routes to turbulence
for a cylinder of mild variations in diameter along its span subjected to transverse sinusoidal excitation.
Vortex formation is noted to range from being globally locked in and deteriorates to regions of lock-in,
period doubling, subharmonic modulation, and complex modulation for continuously decreasing
frequency of oscillation at the lower end of the lock-in region.
Whereas all studies involving the active control of the wake of a cylinder by forced excitation
have focused exclusively on sinusoidal excitation, Nakano and Rockwell (1991) have investigated the
application of amplitude modulated excitation in the cross-stream direction at Re=136. Various
responses of the near wake include: lock-in at the modulation frequency; period doubling which is
periodic at one-half the modulation frequency; and destabilization characterized by substantial phase
modulations of the vortex formation relative to cylinder displacement. Nakano and Rockwell determine
that the transition to states of higher disorder may be obtained by decreasing the modulation frequency or
by increasing the amplitude of excitation at a constant value of nominal frequency. Furthermore, it is
"'tfetermined that the near wake state has a critical role in determining the order of the far wake.
The occurrence of three-dimensional structure in the separating shear layer from a cylinder is
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well known. Wei and Smith (1986) visualized the secondary vortices in this region, which were found to
be identical to the "transition waves" detected in the hot wire measurements of Bloor (1964). The
I' '.
structure of the separating shear layer has many features in common with the cross-stream visualization
of mIXIng-layer· flows by Bernlll (1981), Lasheras et ar:-(r980}, and Lin (1981). All of these
investigations, however, employed qualitative flow visualization. Although considerable insight was
attained, use of quantitative, whole field visualization can provide a basis for a new dimension of
understanding of these complex flows.
The current investigation may be viewed as an extension of the work of Nuzzi, Magness, and
Rockwell (1992). This study is concerned with the three dimensional vortex formation from a
nonuniform cylinder excited sinusoidally in the cross-stream direction. The major intent being· to
determine if the occurrence of lock-in is featured in a turbulent flow (Re=5000). Comparisons with the
corresponding uniform cylinder will also be made.
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2. EXPERIMENTAL SYSTEM AND TECHNIQUES
2.1 Experimental Aparatus
The experiments comprising this investigation were performed in the new water channel in
Packard Laboratory room 172. The channel consists of an optically transparent plexiglass test section 23
inches deep, 24 inches wide, and 18 feet long with inlet and exit tanks and capable of flow speed in
excess of 9 in/sec. The water level in the channel is maintained at 20 5/8 inches and the flow speed is
controlled through adjustment of the main pump motor, correlating the rpm reading with past speed
measurements.
The basic experimental apparatus consists essentially of a cylinder and a positioning table
equipped with a motor through which active control is achieved. By means of a threaded stud, the
cylinder is attached to a Daedel #310062s-253 positioning table; the table located directly above the
water channel. This system is depicted in Fig. 2.1.1.
\
motor positioning table
cylinder
water channel
Figure 2.1.1 Experimental Rig
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In these studies, two different cylinders, shown in Fig. 2.1.2, are used interchangeably. The fIrst
cylinder is nonunifoQ11 in shape, with a 30% reduction in diameter at its midSpan, tapering in a linear
~_[ashion~fromadiameterof-oneinch-to a diameter of 0.700 inches in 2.1 inches along the span of the
cylinder. The cylinder is 26 inches long and extends 22 3/4 inches into the water. A magnified view of
the nonuniform cylinder is illustrated in Fig. 2.1.3. The second cylinder is a uniformly-shaped cylinder
of constant one inch diameter and is utilized for comparative purposes, emphasizing the three-
dimensionality associated with the nonuniformity.
13.05"
~l-
1.00"
(a)
26.00" 26.00 11
0.70"
r
8.75"
_l
~l-
1.00"
(b)
Figure 2.1.2 Schematic of cylinders used in experiments: (a) uniform cylinder (b) nonuniform
cylinder.
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1.480
2.100
.700
.071 rod
2.100
1.480
-l
Figure 2.1.3 Magnified view of nonunifonn cylinder
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Control of the positioning table, and hence control of the cylinder, is achieved via a
Compumotor system (model #Nax57-102). A schematic of the means of control is illustrated in Fig.
2.1.4. Pregenerated motion control profiles are input by the user via the computer. These high level
. / '
commands are translated by an indexer into pulsed control signals characterizing the velocity,
acceleration, and position of motion. These signals are sent to the driver which in turn sets the proper
current levels to drive the compumotor. The motor output is translated to linear motion through a screw
type shaft of the positioning table, hence producing the prescribed oscillation of the cylinder.
Step Pulses
Indexer
High Level Commands'
computer
leadscrew nut
--------~---"
driver
..- _-- _---
t.totor
Currents
leadscrew
Figure 2.1.4 Schematic of Compumotor system
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2.1 EXPERIMENTAL METHOD
Scanning particle image velocimetry (PIV) was the experimental technique employed in these
experiments. PlY has become a most popular method in fluid mechanics for determining velocity
measurements due to its ability to generate the spatial structure of a flow field in contrast to other
methods, such as laser doppler anemometry, which provide infonnation at only a single location in the
flow field. This general technique is described by Rockwell et al. (1992). In short, the PIV technique
consists basically of producing a scanning laser sheet in the flow through which seeding particles pass.
Multiple exposure photographs are taken of the plane of interest, recording the displacements of light
scattering particles as they move with the fluid over a known time interval. The necessary infonnation is
extracted by pointwise optical processing of the negative in which a diffraction pattern consisting of
Young's fringes are created. From the spacing and orientation of the fringes an instantaneous two
dimensional velocity map is obtained. Finally, the size, placement, and orientation of the field of interest
(ie. laser sheet) may be easily changed.
Corcoran (1992) descri~s several aspects of the PIV technique. In addition, he establishes a
working system at Lehigh University from which the system utilized in this study is directly derived.
The system as used in these experiments is described below. For detailed explanations, the reader is
referred to the paper of Corcoran.
The apparatus used to create the laser sheet as based on the Corcoran system is shown in Fig.
2.2.1. A 5 watt Liconix Ion laser (5000 series) is situated off center beneath the water channel inlet tank
and produces a multi-band laser beam within the range of 3 to 3.5 watts. This beam passes through a
triplet lens combination consisting of a symmetric convex lens (f=I1.81 in.), a symmetric concave lens
(f=-3.94 in.), and a laser focusing singlet (f=35.43 in.) for a combination focal length of 14.08 inches.
This lens combination offers quick collimation of the beam yet retains the high intensity of the beam.
The first lens of the triplet system is located approximately 4.25 inches from the laser aperture. Mter the
triplet configuration, the remaining components of the optical train are situated on a movable table
12
Icapable of sliding on rails along the length of the water channel to allow for positioning of the laser sheet.
After the beam is collected by the triplet configuration, the frrst turning mirror redirects the"
beam 90 degrees onto a second turning mirror. This second turning mirror reflects the beam onto a
rotating scanning mirror consisting of 72 facets, thereby producing a vertical scanning laser sheet which
creates the plane in. the flow field from which the velocity vectors will be determined. The second
turning mirror and the rotating mirror are located on rails which permit adjustment of the laser sheet
across the width of the water channel.
Rotation of the scanning mirror is actuated by an installed motor by Lincoln Laser Corp. and
driven by a Lincoln Laser Corp. variable frequency motor controller subject to an external square wave
function of 5 volts amplitude and 8.7 Hz. or 3.5 Hz. (depending on whether the bias mirror is used- to be
discussed later).
13
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Figure 2.2.1 Schematic of optical system: (a) side view (b) top view
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\2.3 IMAGE ACQUISITION/BIAS MffiROR
The arrangement used to obtain the multiple-exposed images is illustrated in Fig. 2.3.1. It
consists of a Nikon F4 camera, operating at a shutter speed of 1/125 sec and aperture setting of 5.6, and a
bias mirror. The bias mirror is necessary because the flow field contains regions of reverse flow. In such
complicated flows or those in which a large dynamic range of velocities exist, the obtained images are
not suitable for optical processing. Use of the bias mirror circumvents this problem by "adding" a fixed
velocity to each particle, hence reducing the dynamic range by producing a sufficiently unifonn spacing
of the particle images. A basic schematic of the system is illustrated by Fig. 2.3.2. A General Scanning
Inc. Cx-660 scanner controller produces a 0.9 volt peak to peak amplitude and 14 Hz. ramp function
which is used to drive the bias mirror. In ad!lition, motion of the bias mirror and the camera shutter must
be synchronized with the motion of the cylinder. This is accomplished by inserting special commands
into the displacement profiles used to oscillate the cylinder (as previously discussed in the section
entitled, Experimental System). Further details pertaining to the bias mirror and its operation may be
found in the thesis of Towfighi (1992).
15
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Figure 2.3.1 Image acquisition system
hrgh level commands
ramp functron
camero
bios mirror
Figure 2.3.2 Schematic of image acquisition/bias mirror system
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2.4 INTERROGATION TECHNIQUE
As previously mentioned, the multiple-exposed images are optically processed. During this
process, a diffuiction pattern consisting of Young's fringes is created. The system used to perform this
process is illustrated in Fig. 2.4.1.
The negative is placed in the computer-controlled mechanical traverse mechanism and a He-Ne
laser illuminates a small circular area, containing a number of particle images. The image undergoes an
optical Fourier transform, resulting in Young's fringes that are focussed through a lens and received by
tJ.1e video cainera. Using a frame grabbing board, these fringes are digitized by the computer and a two
dimensional Fourier transform brings the fringe pattern into an analyzable form, thus providing a two-
dimensional velocity vector corresponding to the illuminated region of the negative. Further details and
explanations of the interrogation process are described in the thesis of Corcoran (1992).
x-v Traverse
COHU Camero
Collecting
Lens Mask
Fourier
Lens
'" / HeNe Laser
I
-I
I
Figure 2.4.1 Interrogation Apparatus
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3. PRELIMINARY EXPERIMENTS
To establish the parameters of the experiments, preliminary dye visualization experiments were
performed. various sinusoidal excitation frequencies (fe/fo* =0.80, 0.90, 1.0, 1.2) and amplitudes of
oscillation (A/D= 0.375, 0.1875, 0.09375) of the nonuniform cylinder were tried in various combinations
and observed with the aid of dye injection to determine the apparently optimum case of lock-in. From
these preliminary visualizations, it was concluded that excitation of the cylinder at an amplitude ratio of
AID= 0.1875 and fe/fo*=0.80 was the optimum case.
4. UNIFORM CYLINDER EXPERIMENTS
4.1 Background
All experiments considered in this study using the uniform cylinder were performed at ReD=
5000. When the cylinder was oscillated, the parameters of excitation were AID= 0.1875 and fe/fo*= 0.80
(as previously discussed). A 35 mm camera (Nikon F4 with 55 mm lens) was used to obtain the images
of the region directly behind the cylinder. The scanning rate of the rotating mirror was 8.7 revls or 626.4
scansls with the camera shutter speed of 1/120 s yielding 5.22 images per particle to be captured on each
frame. The camera aperture was selected to be f 5.6. Ten photographs were taken with time intervals
__behveeI!shots of 1.7 seconds, corresponding to 2fe. Photographs were taken every second cycle rather
-~---------------- -
than for each period of the oscillation because of the mechanical limitations of the camera. -lfesulting
negatives with a field of interest of 0.39 in. x 1.02 in. were interrogated in steps of 0.02 in. resulting in
1040 velocity vectors by the standard method previously described. With programs V, FILV, and
SURFER as detailed in the thesis of Corcoran (1992), the velocity vector field, streamlines, and contours
of constant vorticity are obtained.
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4.2 Experimental Variables
The structure of the high Reynolds number flow around a cylinder -is investigated by
experiments in which the location of the laser sheet (ie. plane of interest) and synchronization of the
camera are variable.
4.2.1 Laser Sheet Location
Two different planes of interest are examined in these experiments: the midplane, located in the
base region of the cylinder, and the edge plane, located at the edge of the stationary cylinder. Hence
there are two laser sheet locations illustrated in Fig. 4.2.1. '
---------------~---------_.
laser sheet
(a)
AID
(b)
Figure 4.2.1 Laser sheet locations: (a) plane coincident with center plane of cylinder (b) plane at edge of
cylinder
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4.2.2 Camera Synchronization
When the cylinder is oscillating, quite naturally the instantaneous image obtained is dependent
on when the camera is triggered relative to the position of the cylinder. In this investigation, two distinct
positions of the cylinder are used to synchronize the fIring of the camera: when the cylinder is in its
centerposifionor wfielfifis ilfifSmaxiffitim displacement. ThiS-is depicted in Fig. 4.2.2.
y
b
a: center position
b: maximum position
-/
"-
\
AID = O. 1875 ~-ft--+-------qlr-- _
x
a
(a)
cylinder
displacement b
(b)
Figure 4.2.2 Cylinder positions for camera synchronization
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time
4.3 Stationary, Uniform Cylinder; Laser Sheet at Edge of Cylinder
For this experiment, the plane of interest was at the edge of the stationary unifonn cylinder.
With the laser sheet at this location, the structure of the flow is examined in the shear layer separating
from the shoulder of the cylinder. Fig. 4.3.1 illustrates two typical insfa!1taneous streamline patterns and
the average of ten such instantaneous images. Examining the average streamline pattern, the streamlines
are essentially parallel. The two instantaneous streamline images exhibit mild distortions. From these
streamline patterns there is no clear indication of the three-dimensional structure. Consequently, plots of
the out-of-plane (COy) vorticity need to be addressed. Fig. 4.3.2 shows the two instantaneous vorticity
contour fields corresponding to the two streamline patterns of Fig. 4.3.1, and the average of the same ten
instantaneous images. Clearly observable from these plots are the high levels of out-of-plane vorticity.
Also noticable is the presence of some organization in the flow structure. In both the instantaneous plots
of vorticity as well as the average vorticity contours, it is quite evident that there is the tendency of the
vorticity contours to align in a single row characterized by alternate positive (solid line) and negative
(dashed line) concentrations of vorticity along the span of the cylinder. Note, however, complete
organization is not achieved, illustrated by the lack of consistency in the downstream location of the
alternating row of vorticity concentrations from comparing instantaneous images in Figs. 4.3.2a and
4.3.2b. This incomplete organization is also apparent when comparing the spanwise locations of the
instantaneous contours of vorticity. The spanwise locations of the positive and negative vorticity
contours fIlFigs:--4-:321 ancn-:32b-dOJiOtCOiflCi<le:-conse-qu-ently;1hellverage-plotof1he-vorticity-fields;--
Fig. 4.3.2c, shows appreciably lower levels of vorticity.
Fig. 4.3.3 shows the instantaneous· and average vorticity plots from Fig. 4.3.2 with their
corresponding streamline patterns superimpo~ed. Again, it is evident that the streamlines are in
themselves not necessarily a good indication of the three-dimensional structure.
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4.4 Stationary, Uniform Cylinder; Laser Sheet at Centerline of Cylinder
For this experiment the stationary uniform cylinder was again employed. However, now the
plane of interest is moved from the shear layer region to the centerline of the cylinder to investigate the
structure within the base region behind the cylinder.
Since the plane of interest is in the base region, the flow structure is expected to be more
"complicated" and less organized than the previous experiment. This is immediately apparent in the
streamline patterns of Fig. 4.4.1. The nearly parallel streamlines associated with the shear layer region
are replaced with streamlines that form a nodal line as evident in the average streamline plot of Fig.
4.4.1c. The existence of this highly-organized nodal line would be expected in the base region since it
describes physically the boundary separating the regions of reverse and forward flow.
Comparison of the instantaneous streamline patterns of Figs. 4.4.1a and 4.4.lb shows that the
location of the nodal line fluctuates in the streamwise direction. This movement of the nodal line
indicates that the flow structure is not repeatable at the averaged frequency of vortex formation.
Addressing the instantaneous vorticity contours of Figs. 4.4.2a and 4.4.2b, highly pronounced
concentrations of out of plane vorticity are apparent. Since the plane of interest is located in the base
region, the structure of the flow is more complex. There are general indications of alternating
concentrations of positive and negative vorticity. The average vorticity contours of Fig. 4.4.2c attest to
the lack of repeatability()f the flow structure; the low concentration levels of vorticity reflecting the
--~------I
cancelling out of the instantaneous vorticity during the averaging process.
For completeness, Fig. 4.4.3, showing the streamlines superimposed on the vorticity contours, is
included.
4.5 OsciUating, Uniform Cylinder; Laser Sheet at Centerline of Cylinder; Camera Synchronization
with Cylinder at Maximum Displacement
This experiment is the fIrst one involving excitation of the uniform cylinder at A/D= 0.1875 and
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feJfo*= 0.8 (as for all cases involving excitation - as explained previously). In an attempt to start with
comparatively less complex experiments and progress to the more complicated, this experiment
,
concentrates on a field of interest outside the base region, at the edge of the cylinder. Furthermore, the
pictures are synchronized with the cylinder at its maximum displacement. This, quite obviously, should
be the experiment for which the lock-in structure is most apparent.
This is indeed what happens. The instantaneous streamline images, in addition to the averaged
streamline pattern, all show a very similar nodal line structure which occurs at the same downstream
position thereby indicating the lock-in phenomenon.
Recalling the first experiment in which the streamlines were not a reliable indication of the
three-dimensional structure, the vorticity contours are examined for further evidence of lock-in. Figs.
.
4.5.2a and 4.5.2b illlustrate that the instantaneous vorticity contours have relatively lower levels of
vorticity than the previous experiments, which may be attributed to the lock-in of the shedding of the
two-dimensional vortices with the cylinder motion. Furthermore, in each instantaneous plot, the
I ,
concentrations of vorticity align themselves in a row of alternating positive and negative vorticity which
occurs at the same downstream distance. Clearly, lock-in is being observed in this experiment.
Nevertheless, the vorticity concentrations are not consistent in the spanwise direction when comparing
the instantaneous images, which may be further evidenced by the average vorticity field (Fig. 4.5.2c).
Fig. 4.5.3 shows the streamlines superimposed on the vorticity contours. It is apparent that the
..,---
---- ----------- ------
OOiliillinewways ocCUrs at a downstream distance directly before the row of alternating vorticity
concentrations.
4.6 Oscillating, Uniform Cylinder; Laser Sheet at Edge of Cylinder; Camera Synchronization with
Cylinder at Center Position
The next experiment, in the progression to more complex flow structure, considers again the
oscillating uniform cylinder with the plane of interest at the edge of the stationary cylinder, but now
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synctrronizing the pictures with the cylinder at its center position.
. Lock-in is still apparent from the occurrence of a well defined nodal line in the average
streamline pattern of Fig. 4.6.1c. The progression to a more complicated flow structure however is
revealed-in the-instantaneous streamlines ofFigs: 4.6.1a·and4.6:1b. These imageS demonstrate that lock-
in is· not achieved in the complete sense; the nodal lines of the two instantaneous patterns are not
identical. Nevertheless, the formation of the nodal lines do occur at relatively the same downstream
distance from the cylinder. Further comparing this flow structure with that of the previous experiment,
this downstream location of the nodal line occurs at a distance further away from the cylinder. This
would be expected since the picture is taken later in the cycle of the cylinder motion.
The instantaneous vorticity contours of Figs. 4.6.2a and 4.6.2b also reveal a slight digression
from the lock-in case of the previous experiment. The vorticity concentrations are fairly organized in the
spanwise direction (alternating concentrations of positive and negative vorticity) yet they are very rich in
structure. Furthermore, the instantaneous contours are no longer consistently organized in the
downstream direction.
Superposition of the streamlines and vorticity contours shown in Figs. 4.6.3a and 4.6.3b indicate
that the instantaneous nodal lines tend to form a boundary between concentrations of vorticity.
4.7 OsciUating, Uniform Cylinder; Laser Sheet at Centerline of Cylinder; Camera Synchronization
with Cylinder at Center Position
The final experiment utilizing the uniformly shaped cylinder involves the plane of the laser sheet
-----
- -------- ..._-_. - ----------_.- -
at the centerline of the cylinder, with the firing of the camera synchronized with' the cylinder at its center
position.
Viewing the instantaneous streamlines of Figs. 4.7.la and 4.7.lb, large deviations of the nodal
lines are apparent, clearly indicating that the lock-in condition has not been achieved in this plane of
interest. This lack of the lock-in state is further demonstrated by the average streamline pattern of Fig.
24
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J4.7.lc in which the nodal line is asymmetrical.
The instantaneous vorticity contours of Figs. 4.7.2a and 4.7.2b also illustrate the complex
structure in the base region. Pronounced concentrations of vorticity are abundant with apparently no
organization. La~k of repeatability of the structure is also shown in the average vorticity contours in
Fig.4.7.2c.
A fmal observation regarding this experiment concerns the relation between the instantaneous
streamlines and concetrations of vorticity. From Figs. 4.7.3a and 4.7.3b it may be observed that the roll
up of the streamlines coincides, in selected cases, with a large out-of-plane vorticity concentration.
5. NONUNIFORM CYLINDER EXPERIMENTS
5.1 Stationary, Nonuniform Cylinder; Laser Sheet at Edge of Cylinder
This fIrst experiment involving the nonuniform cylinder was performed to compare results with
Experiment 1. Here, the stationary nonuniform cylinder is used with the plane of interest at the edge of
the cylinder.
Examining the streamline patterns of Fig.5.l.1 reveals similar fIndings as for the uniform
cylinder. No nodal pattern exists; simply parallel streamlines suggest that the nonuniformity has no real
effect atthis_plane-of-interest. --- -----. -
This implication is proven to be incorrect upon con~ering-the-netiGably-different--Vol"ticity- _
concentrations of Fig. 5.1.2. The instantaneous contours of Fig. 5.1.2a illustrate some organization with _
two large-scale vortices near the center of the nonuniformity and an indication of the alternating positive
and negative concentrations of vorticity. However, the lock-in condition is clearly not present since the
state of Fig. 5.1.2a is not always present but rather distinctly different patterns such as that depicted by
Fig. 5.1.2b are present Fig. 5.1.2c shows that the majority of the vorticity is "averaged out", further
indicating a lack of the lock-in state while Fig. 5.1.3 displays the streamline patterns overlayed on the
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corresponding vorticity contours.
5.2 Oscillating, Nonuniform Cylinder; Laser Sheet at Edge of Cylinder; Camera Synchronization
with Cylinder at Center Position
This experiment consists of the oscillating nonuniform cylinder with the plane of interest still at
the edge of the cylinder, but with the pictures synchronized with the cylinder at its center position
location.
The instantaneous and average streamline patterns of Fig. 5.2.1 appear to be quite similar.
However, the pattern corresponding to the upper portion of the cylinder appears questionable. Though
uncertain, this may be attributed to the laser sheet being possibly at an angle rather than vertical. Since
the plane of interest is at the edge of the cylinder, in the shear layer, where there are large velocity
gradients; this may account for this questionable region.
Examining the instantaneous vorticity contours of Figs. 5.2.2a and 5.2.2b reveals a rather
unorganized structure with just a semblance of the alternating positive and negative concentrations.
Also, there is an indication of symmetry, in which larger concentrations of vorticity are located away
from the nonuniformity, which is especially pronounced in the average plot of Fig. 5.2.2c.
For completeness, the superposition of streamline patterns and vorticity contours is included in
Fig. 5.2.3.
5.3..QsciliJlting, Nonuniform_~yHnder; Laser SE!~~t Cen~erline and 10D Downstr~m o~Cylinde!;
Camera Synchronization with Cylinder at Maximum Displacement
This final experiment consist of the oscillating nonuniform cylinder with the plane of interest at
the centerline of the cylinder ten diameters downstream with the pictures synchronized at the cylinder
maximum position. It was performed to gain insight into the effects of cylinder excitation on the
downstream flow structure.
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The instantaneous and average streamline patterns of Fig. 5.3.1 are quite similar in structure. Of
course no nodailine exists since the location of the area of interest is well downstream of the separation
region.
The instantaneous vorticity contours of Figs; 5.3.2a and 5.3.2b indicate still relatively strong
levels of out of plane vorticity. However, there is no clearorganization,~rh~p~ spme ~yrnmetry ab<>ut
the centerline, thereby suggesting. that the lock-in condition is not obtainable so far downstream of the
.cylinder.
Lastly, fig.5.3.3 illustrates the out of plane vorticity concentrations superimposed with the
corresponding streamlines.
6. CmCULATION STUDY
From the obtained plots of vorticity contours, associated values of circulation can be
subsequently determined, thereby giving a quantitative aspect to the foregoing study. This is done for an
instantaneous image as well as the'average contour for each of the eight experiments, and the results are
shown in Fig. 6.1. The values plotted are the maximum circulation values occurring at a given location
along the span of the cylinder.
It is quite evident from Figs. 6.1a,b,c,d,e, and h that the values of dimensionless circulati_on of
the instantaneous images are relatively high, approximately in the range of 0.5 to 1.5. This indicates that
the out-of-plane circulation is commensurate with that of the classical Karman vortices. Also, these
values of circulation are substantially greater (up to an order of magnitude greater) than corresponding
values derived from the averaged vorticity contours. This is as expected since, in general, the
instantaneous contours of vorticity are highly concentrated, whereas the average vorticity contours show
low concentration levels due to an "averaging out" effect. The exceptions, where the instantaneous and
average contours of vorticity show values of circulation to be comparable, are the cases of the stationary,
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'nonunifonn cylinder with the laser sheet at the edge of the cylinder and the oscillating, nonunifonn
,cylinder with the laser sheet at the edge of the cylinder and camera synchronized with the cylinder at the
center position shown respectively in Fig. 6.1 f and g. Note, however, that for tlWSe two experiments,
relatively few circulation values were calculateddue to the lack of defined vorticity concentrations.
Again, for these two experiments in the near wake of the nonunifonn cylinder, symmetry in the
flow structure about the nonuniformity is observed (in the average circulation values of Fig. 6.lf and in
the instantaneous values of Fig.6.lg). This symmetry is less apparent in'the far wake region as indicated
by Fig.6.1h.
I,
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7. C-oNCLUSIONS
This investigation is the first study of flow past a cylinder at high Reynolds number (ReD =
5000) in which the instantaneous, spanwise flow structure is characterized in terms of vorticity
concentrations and corresponding quantitative values of circulation. The most crucial findings of this
series of experiments, are summarized in the following.
First. the limitations of using streamlines alone to accurately characterize the flow structure are
exposed. In numerous instances, streamline patterns give an incorrect impression of the flow structure,
emphasizing the use of patterns of vorticity contours as the best representation of the flow.
More specific findings include the wide range of classes of organization of the three-dimensional
flow structure when the quasi-two-dimensional flow is "locked-in" to the motion of the cylinder. The
flow structure varies from a field consisting of very rich concentrations of vorticity with no apparent
organization, to repeating fields consisting of essentially single rows of alternating positive and negative
vorticity contours. The extent of organization is dependent on the location of the plane of image
acquisition and the synchronization of the image with the cylinder motion. Irrespective of the degree of
organization, however, the concentrations of vorticity have a dimensionless circulation of the same order
as the classical Karman vortices.
Furthermore, the instantaneous fields, which are rich in vorticity, are not repeatable from cycle
to cycle of the cylinder motion. This lack of repeatability would yield low levels of vorticity in averaged
images, corresponding to use of traditional experimental methods such as hot wire anemometry. The low
levels are not due to a lack of instantaneous, concentrated vorticity but rather to an "averaging out" effect
resulting from the nonstationary, alternating positive and negative vorticity concentrations.
Finally, a nonuniform cylinder can generate cetrain-types of symmetry of the flow structure in
its near-wake. The values of circulation are again comparable to those values corresponding to the in-
29
plane vorticity.
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Figure 4.3.1 Streamline patterns for stationary, uniform cylinder, with laser sheet intersecting upper shoulder of cylinder. Patterns (a) and (b) are
instantaneous, and (c) is average of 10 instantaneous images.
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"Figure 4.4.1 Streamline patterns for stationary, uniform cylinder, with laser sheet intersecting centerline of cylinder. Patterns (a) and (b) are instantaneous,
and (c) is average of IO instantaneous images.
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Figure 4.6.1 Streamline patterns for oscillating, uniform cylinder, with laser sheet intersecting upper shoulder of cylinder. Amplitude of oscillation of A/D=
0.1875 and image taken when cylinder at center position. Patterns (a) and (b) are instantaneous, and (c) is average of 10 instantaneous images.
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Figure 6.1 Plots of dimensionless circulation as a function of the span of the cylinder, 0 instantaneous
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